Animals have evolved diverse appendages adapted for locomotion, feeding and other functions. The genetics underlying appendage formation are best understood in insects and vertebrates. The expression of the Distal-less (Dll) homeoprotein during arthropod limb outgrowth and of Dll orthologs (Dlx) in fish fin and tetrapod limb buds led us to examine whether expression of this regulatory gene may be a general feature of appendage formation in protostomes and deuterostomes. We find that Dll is expressed along the proximodistal axis of developing polychaete annelid parapodia, onychophoran lobopodia, ascidian ampullae, and even echinoderm tube feet. Dll͞Dlx expression in such diverse appendages in these six coelomate phyla could be convergent, but this would have required the independent co-option of Dll͞Dlx several times in evolution. It appears more likely that ectodermal Dll͞Dlx expression along proximodistal axes originated once in a common ancestor and has been used subsequently to pattern body wall outgrowths in a variety of organisms. We suggest that this pre-Cambrian ancestor of most protostomes and the deuterostomes possessed elements of the genetic machinery for and may have even borne appendages.
Appendages develop as outgrowths of the body wall orthogonal to the primary body axes, and possess a third, proximodistal patterning axis. Genetic studies have revealed a number of similarities in the signaling molecules and regulatory genes that organize growth and patterning in insect and vertebrate limbs (N. Shubin, C. Tabin, and S. B. Carroll, unpublished data). For example, the Dll gene is expressed in the primordia, and later in the distal regions, of the developing limbs of all arthropods (2-5) ( Fig. 1 a and b) . Dlx genes are broadly expressed early in developing mouse ( Fig. 2 a and b) and chicken limb buds (not shown), and later at high levels in the apical ectodermal ridge (4, (6) (7) (8) (9) (10) (11) (Fig. 2c) . These similarities are puzzling because arthropod and vertebrate appendages have such vastly different anatomies and evolutionary histories (N. Shubin, C. Tabin, and S. B. Carroll, unpublished data). This implies that the deployment of Dll͞Dlx genes in the distal domains of each limb could be coincidental. On the other hand, it is possible that this reflects some relationship between these structures at a more fundamental level as body wall outgrowths (12) . With information from only two highly divergent taxa, it is difficult to distinguish between the possibilities. However, characters shared among multiple taxa are less likely to reflect convergence. Therefore, we have examined Dll͞Dlx expression in the outgrowths of animals in other metazoan phyla using an antibody that specifically recognizes both Dll and Dlx proteins (4, 5, 13 ) (see below).
METHODS
Production and characterization of the Dll homeodomain antibody was described in Panganiban et al. (4) . The antibody recognizes the Dll antigen in all arthropods (4, 5) and stains only Dll-expressing cells in amphioxus (13) . At least five vertebrate Dlx proteins are recognized by the antibody (Marc Ekker, personal communication) which does not stain cells in which Dlx genes are not expressed. Together these data suggest that the antibody is both broadly cross-reactive among phyla, and specific for Dll͞Dlx gene products. While it is likely that all of the staining we report here reflects Dll͞Dlx expression patterns, it is possible that some reflects only crossreactivity of the Dll antibody to other proteins.
The antibody staining was carried out as previously described (4), with the following modifications: ascidian, echinoderm, lepidopteran, and onychophoran specimens were permeabilized by addition of 5% dimethyl sulfoxide to the PBT blocking solution (PBS with 0.1% Triton X-100 and 2% BSA), and 1% dimethyl sulfoxide to the primary and secondary antibody solutions. For optimal antibody penetration, it was necessary to sonicate (4) the lepidopteran and onychophoran embryos while they were in blocking solution. Detailed protocols are available upon request. The nematode embryos were frozen and cracked on polylysine treated slides, then fixed for 5 min in Ϫ20ЊC methanol, and for 30 min at room temperature in 2% paraformaldehyde in PBS, prior to staining using standard methods (14) .
RESULTS AND DISCUSSION
Dll Is Expressed in the Appendages of Animals in Many Phyla. Among the protostomes, we find that Dll is expressed in the distal portion of the developing antennae and lobopods of the onychophoran Peripatopsis capensis (Fig. 1 c-e) , and in the prospective distal portions of all developing parapodia and the antennae in the polychaete annelid Chaetopterus variopedatus ( Fig. 1 f-h ). In Peripatopsis, the onset of Dll expression in the ectoderm of the presumptive lobopods precedes their outgrowth from the body wall (Fig. 1d) . In Chaetopterus, Dll expression is first detected in segmentally reiterated sets of ectodermal cell nuclei before metamorphosis. At this time, expressing cells are flush with the contiguous epidermis. At metamorphosis, parapodial structures evaginate from the body wall and the Dll-expressing cells comprise the distal portions of all appendages, including parapodia, antennae, and specialized feeding structures ( Fig. 1 f-h) .
Among the deuterostomes, there are other phyla besides the vertebrates (Fig. 2 a-c) whose members possess prominent body wall outgrowths. These include the urochordates, in which two Dll͞Dlx genes have been identified (15) , and the echinoderms. Within the urochordates, the tunicates or ascidians possess a free-swimming larval form that metamorphoses into a sessile adult. At the onset of metamorphosis, the larvae attach to the substratum via newly formed ampullae which may also have a respiratory function (16) . These ampullae express Dll prior to and during their outgrowth in what will become the distal region of the developing ampullae ( Fig. 2 d and e) . Subsequently, metamorphosing ascidians develop one other type of outgrowth, the siphons, through which they pump seawater and extract oxygen and food. The siphons also express Dll distally as they form during metamorphosis (L.S.C. and B.J.S., unpublished work).
Some echinoderms, such as indirectly developing sea urchins, also possess a free-swimming larval form, the pluteus, a portion of which, the rudiment, gives rise to the radially symmetric adult. Among the earliest structures to develop from the rudiment are five tube feet, protrusions from the body that allow the animal to move over the substratum. Remarkably, the distal cells within these developing tube feet express Dll (Fig. 2 g and h) . Expression in the tube feet also is detectable before these structures grow out from the body wall (Fig. 2f ) . A second major type of outgrowth in metamorphosing sea urchins, the spines, also express Dll at their distal tips (Fig. 2h) .
Conservation vs. Convergence as Explanations for Dll Expression Patterns.
In the six coelomate taxa we examined, the prospective apical ectoderm of body wall outgrowths expressed Dll͞Dlx. Given the phylogenetic relationships between these animals (Fig. 3) . Branch lengths are not scaled. Taxa for which Dll expression data is presented here are shown in bold along with the appearance of the various appendages in these groups. The appearance of various appendages within the phyla studied here are indicated. Only the jointed limbs of arthropods and tetrapod limbs arose by modification of a pre-existing appendage. The immediate ancestors of polychaetes, Onychophora, echinoderms, urochordates, and vertebrates are not thought to have borne appendages that would be homologous to the structures analyzed here. The deuterostome ancestor (b) may have had one Dll͞Dlx gene since cephalochordates have only one (13) . However, the presence of two Dlx genes in ascidians (15) leaves open the possibility that at least one Dlx duplication event occurred earlier in the deuterostome lineage. The ancestor of the appendage-bearing protostome clade and the deuterostomes possessed the Dll gene and all of the features of the proposed Urbilaterian (18) , and may have borne appendages (a). The Dll gene predates this ancestor and is found in nematodes and expressed in the CNS, which may be an older site of function than body wall outgrowths. There is a report of a possible cnidarian Dll ortholog (19) , but the similarity of the cnox3 homeodomain to Drosophila Dll (56%) is not significantly higher than that of nonorthologous homeodomains, and the Dll antibody does not recognize this gene product. We therefore believe the origin of Dll is unresolved.
account for Dll͞Dlx expression in such diverse structures. The Dll͞Dlx genes could have been co-opted independently for appendage formation from some other function in these lineages. Or, the more parsimonious interpretation, Dll expression along the proximodistal axes arose once in a common ancestor of these animals and has been utilized repeatedly in body wall outgrowths ever since. We favor the latter explanation, and if true, this has implications for the evolutionary relationships among appendages and other types of outgrowths. Specifically, these appendages͞outgrowths must be either derived from preexisting appendages͞outgrowths, or are novel structures formed by the ectopic activation of existing appendage͞outgrowth-forming pathways. To distinguish between these possibilities for any particular structure, we must refer to the fossil record and current concepts of metazoan phylogeny.
Evolutionary Relationships Among Parapodia, Lobopodia, and Arthropodia. Morphological analyses of Cambrian lobopodans and arthropods have led to the widely held view that arthropod limbs probably evolved from an ancestral lobopod (20, 21) . The patterns of Dll expression in modern terrestrial onychophora, a probable sister group to Cambrian lobopods, support the idea that arthropod limb development is derived from mechanisms present in lobopodans. However, annelids are not a sister taxon to either onychophora or arthropods (22) (23) (24) (25) (26) (27) (28) (29) , therefore, polychaete parapodia could not be the forerunners of lobopodia, as has sometimes been proposed (30) , and must have evolved independently. One plausible scenario for the origin of parapodia and lobopodia is that they were independently derived from cephalic feeding or sensory outgrowths in the annelid and lobopodan͞onychopho-ran lineages. This idea appears to be supportable on paleontological and phylogenetic, as well as developmental genetic evidence. For instance, Cambrian polychaetes (31), Onychophora (32) , and arthropods (33) possessed antenniform outgrowths suggesting that this outgrowth is primitive. In addition, phylogenetic schemes based on both morphological characters (34) and molecular evidence (17) are consistent with the existence of a common antennae-bearing ancestor of these protostomes (Fig. 3, see c) . Furthermore, studies of Hox genes in Drosophila and other insects suggest that the ''ground state'' for appendage identity is the antennae because loss of Hox gene function in legs transforms tissue to antennal identity (35) and loss of all Hox genes in Tribolium transforms all body segments to antennae-bearing metameres (36) . We propose, then, that the ancestor of these higher protostome taxa bore antenniform outgrowths, and that these structures were duplicated and transformed on the trunk to parapodia and lobopodia after the divergence of the annelid and onychophoran lineages (Fig. 3) .
Evolutionary Relationships Among Deuterostome Appendages. The origins of the deuterostomes and of their outgrowths are uncertain. It is not believed that any of the protostomes surveyed here would include the deuterostome ancestor (37) . The substrate-gripping ampullae of the ascidians and the multifunctional tube feet of the echinoderms might be derived from a body wall outgrowth present in a common ancestor (Fig. 3) . However, these appendages, as well as the ascidian siphons and the echinoderm spines, may be new structures that exploited an existing genetic circuit to make body wall outgrowths (Fig. 3) . Similarly, the origin of fish fins is unclear. However, other vertebrate outgrowths such as the branchial arches express Dlx genes and key limb bud signaling molecules, and limb and craniofacial tissues can substitute for one another in recombination experiments (38) . These observations suggest that fins also evolved by exploiting extant outgrowthforming mechanisms.
The Question of Homology and the Origin of Metazoan Appendages. Recent discoveries that homologous genes in insects and vertebrates control eye (39), heart (40, 41) and dorsoventral axis formation (42) (43) (44) have prompted the reconsideration of ideas concerning the origin and evolution of these structures and the relationships among the animals that possess them (12) . For example, DeRobertis and Sasai (18) have suggested that all of these common features date to a common ancestor of the bilateria. As demonstrated here, a common genetic component underlying the formation of secondary axes (i.e., appendages and other types of body wall outgrowths) of both protostomes and deuterostomes also appears to have a deep historic basis. Whether one considers various eyes, hearts, or limbs to be homologous clearly depends on how one defines ''homology.'' As pointed out by Bolker and Raff (45) , ''meaningful assignments of homology must specify a biological level.'' Thus, while some of the appendages͞outgrowths described here certainly are not homologous in the classical sense (i.e., directly derived from a common structure), our findings suggest that they are homologous at a more fundamental level. Their development utilizes similar genetic pathways. The most straightforward explanation for these observations is that the last common ancestor of the protostomes and deuterostomes had some primitive type of body wall outgrowth, e.g., a sensory or perhaps a simple locomotory appendage, and that the genetic circuitry governing the outgrowth of this structure was deployed at new sites many times during evolution.
We do not know what this pre-Cambrian creature looked like, since no definitive body fossils are known from this period. However, trace fossils in sediments indicate some form of peristaltic or pedal movement made by animals that are believed to have been more advanced than flatworms (17, 46) (Platyhelminthes, Fig. 3 ). The possession of sensory and͞or of locomotory appendages by a coelomic, triploblastic animal is therefore plausible, and may have been key to the success of its' many descendants (34) .
The Ancestral Function of the Dll Gene. It is likely that the Dll gene is older than the putative outgrowth-bearing ancestor. The expression of arthropod Dll genes in the central nervous system (CNS) and peripheral nervous system including the brain optic lobes (47) , and of vertebrate Dlx genes in the CNS, including parts of the brain involved in optic function (6, 48) , suggest that Dll͞Dlx functions could have originated in tissues other than appendages͞outgrowths. To consider the origin and ancestral functions of the Dll gene, it is necessary to identify Dll orthologs in more primitive taxa. Recent molecular phylogenies based on limited data sets place the nematodes basal to the protostomes and the deuterostomes (29, 49) (Fig. 3) . We have found a strong candidate for a Dll ortholog in the C. elegans genomic sequence database (C28A5.4, refs. 50 and 51; ''Ce-Dll'') that encodes a homeodomain with 74% identity to Drosophila Dll and with an intron at the same position as the Dlx genes of Drosophila and ascidians (15, 50) (Fig. 4a) . This is much more similar than ceh-23 (50% homeodomain identity to Drosophila Dll), which was previously considered a possible Dll ortholog (1), and compares favorably with the amino acid identities of the four C. elegans Hox gene homeodomains to their Drosophila orthologs (69-79%) (1) . Ce-Dll is expressed in the CNS of nematode embryos (Fig. 4 b and c) . Since Dll͞Dlx genes are expressed in the annelid and onychophoran CNS as well (Fig. 1 c, e-g ), Dll͞Dlx function may well have arisen in the CNS before becoming involved in body wall outgrowths. Nematodes also possess orthologs of genes in the various signaling pathways involved in appendage formation and patterning. This suggests that genetic components required for the genetic machinery for appendage formation evolved long before these structures arose.
Genetic and Cellular Features of Secondary Axis Formation. One testable prediction of the hypothesis that the ancestor of the protostomes and the deuterostomes possesses body wall outgrowths is that the similarities in the developmental regulatory mechanisms governing metazoan appendage formation will be more extensive than would be expected from their diverse morphologies and functions. The expression of Dll͞Dlx genes in such a diverse array of outgrowths suggests that there are cellular processes common to the formation of all appendages that may be under Dll͞Dlx control. The identification of genes regulated by Dll in model organisms such as Drosophila may, therefore, reveal universal aspects of secondary axis formation.
